Summary
The In the catabolism of branched-chain amino acids (BCAA), the initial step is reversible transamination cat alyzed by branched-chain aminotransferase, and the second is irreversible oxidative decarboxylation of the branched-chain a-ketoacids (BCKA) catalyzed by the branched-chain a-ketoacid dehydrogenase (BCKDH) complex. The latter is the committed step in the oxida tion of the BCAA (1, 2).
The BCKDH complex is an intramitochondrial mul tienzyme complex composed of E1 (3-methyl-2-oxobu tanoate dehydrogenase (lipoamide ): EC 1.2.4.4), E2 (di hydrolipoamide acyltransferase: no EC number), and E3 (dihydrolipoamide dehydrogenase: EC 1.8.1.4) compo nents. This enzyme complex is subject to covalent modi fi cation (3); BCKDH kinase (EC 2.7.1.115) (4) inacti vates the complex by phosphorylation of the El compo nent, and BCKDH phosphatase (EC 3.1.3.52) reacti vates it by dephosphorylation.
The regulation of BCAA catabolism has been inten sively studied in rats. Skeletal muscles have a markedly higher activity of the aminotransferase and a lower ac tivity of BCKDH complex, and rat liver has the reverse situation with respect to enzyme activities (3, (5) (6) (7) . From these findings, the concept of an interorgan rela tionship in BCAA and BCKA metabolism has been pro posed (8) . It has been suggested that hepatic BCKDH complex functions as a sink for the disposal of extra cir culating BCKA derived from the transamination of BCAA in peripheral tissues (9) . The diabetic state is characterized by an elevation of plasma levels of glucose as well as BCAA in rats. The el evation of BCAA is attributed to the increased pro teolytic state of body tissues and hyperphagia in the dia betic animals (10, 11) . It has been reported that dia betes increased the activity of BCKDH complex in rat liver (12) (13) (14) .
Exercise training has dramatic effects on energy me tabolism (15, 16) . Although such effects on BCAA ca tabolism in normal rats have been studied in some de tail (5, 7, 17) , BCAA catabolism in diabetic rats has been largely ignored. In the present study, we hypothe sized that exercise training would improve the BCAA metabolism when training ameliorates diabetic condi tions. Since the rate-limiting step of BCAA catabolism is catalyzed by BCKDH complex as described above, we ex-amined in the present study whether exercise training would have effects on the activities and protein con tents of BCKDH complex and mRNA levels for the en zyme components in streptozotocin (STZ)-induced dia betic rat liver. Analytical methods. The concentration of serum glucose was determined by the colorimetrical method, using a commercial kit (Wako Chemical Industries, Osaka, Japan). The concentration of serum insulin was determined by radioimmunoassay (18) . The concentra tion of the sum of the serum BCAA (leucine, isoleucine, Extraction and assay of BCKDH complex and BCKDH ki nase. An extraction of the BCKDH complex from rat liver was performed as described previously (7). The ac tivities of the BCKDH complex in the active form (actual activity) and in the totally dephosphorylated form (total activity) were determined spectrophotometrically by measuring the rate of NADH production as described previously (22) . The total enzyme activity was obtained by measuring the enzyme activity after complete de phosphorylation of the enzyme complex, using a broad specificity protein phosphatase (7) . The activity state of the complex was calculated as a percentage by multi plying the ratio of the actual activity to the total activity by 100.
The assay of the hepatic BCKDH kinase activity was performed by measuring ATP-dependent inactivation of BCKDH as described previously (4) . Kinase activity is expressed as the first order rate constant of BCKDH in activation.
Western blotting analysis. Western blotting was per formed as described previously (23, 24) . 125I-labeled protein A was used as the secondary antibody. Ra dioactivities on blotted membranes were determined by using a BAS1000 Bio Imaging Analyzer (Fuji Film, Tokyo, Japan). 
RESULTS
Acute (short period) effects of diabetes on serum glucose, BCAA, and BCKA concentrations and hepatic BCKDH com plex activity Four days of STZ-induced diabetes markedly in creased serum glucose and BCAA concentrations and had only a minor effect on serum BCKA concentrations ( Table 1 ). The total and actual activities of hepatic en zyme complex were slightly increased by the short pe riod of diabetes, though the significant difference was observed only in the actual activity. On the other hand, the activity state was little affected by diabetes because the complex was almost fully dephosphorylatedlacti vated under normal conditions ( Effects of exercise training on serum glucose, BCAA, and BCKA concentrations in long-period diabetic rats After 4wk of the experimental period, the concentra tion of serum glucose in sedentary diabetic rats was as (11) . After 4 wk of diabetes, serum glucose concentration was fur ther increased in the sedentary group of rats, suggest ing a progression of the diabetic conditions during 4 wk. On the other hand, exercise training suppressed the further increase in glucose concentration that was observed in the sedentary group, indicating that exer cise training to some extent ameliorated diabetic condi tions. These results were also consistent with the find ings reported previously (29, 30) .
The serum BCAA concentrations in sedentary-dia betic rats were markedly increased by the short term of diabetes, but were not further increased by the long term of diabetes. Exercise training significantly de creased the BCAA concentrations in diabetic rats, re sulting in the concentration not being significantly diff erent between sedentary-control rats and trained dia betic rats. A similar trend was observed in the total and actual activities of hepatic BCKDH complex; the long term of diabetes markedly increased the enzyme activi ties in sedentary rats, and exercise training suppressed the diabetes-induced increase in the enzyme activities. The Western blot analyses showed that the alterations in protein amounts of the enzyme subunits were re sponsible for the changes in enzyme activities caused by diabetes and exercise training. However, the abundance of mRNAs for the subunits did not correspond to the protein amounts of subunits, suggesting that posttran scriptional regulatory mechanisms most likely deter mine the amounts of the BCKDH complex subunits. It has been reported that diabetes increases the activity of hepatic BCKDH complex (12, 13) and the content of the enzyme subunits (14) in rats. This is the first report that exercise training improves the serum BCAA concentra tions and the activities of hepatic BCKDH complex and amounts of the enzyme subunits in diabetic rats.
BCKDH kinase is responsible for inactivation of the BCKDH complex by phosphorylation. In the present study, because the complex was almost fully activated in control and diabetic rats, the kinase played no signifi cant role in the regulation of the BCKDH complex activ ity. Nevertheless, diabetes significantly decreased the hepatic kinase activity in sedentary rats, and this result is consistent with the previous report (14) .
It has been reported that experimental diabetes sig nificantly increases the serum BCKA concentrations in rats (31) . In the present study, the BCKA concentra tions appeared to be increased only slightly by short term diabetes, but not by long-term diabetes. These dis crepancies are probably due to the differences in experi mental conditions: the strain of rats, the time the rats were killed, and the duration and severity of diabetes. Especially, the time rats are killed may have an effect on the concentrations of BCKA, because it has been re ported that the concentrations are affected by feeding a diet (32) . In the present study, the rats were killed in the evening (postabsorptive period), whereas the animals were killed in the morning (postprandial period) in the other study (31) . The concentrations of BCKA are con sidered to be an important factor for the regulation of BCKDH activity, because a-ketoisocaproate is a potent inhibitor of BCKDH kinase. However, BCKA concentra tions were not very likely to have been the regulator of the enzyme complex activity in the present study, be cause BCKDH kinase can be ruled out from the regula tors of BCKDH activities in this study. Furthermore, ex ercise training decreased the BCKA concentrations in all control and diabetic rats.
In conclusion, we clearly showed here that exercise training attenuated the diabetes-induced rises in serum BCAA concentrations and activities of hepatic BCKDH complex in rats, suggesting that exercise training ame liorates BCAA catabolism promoted by STZ-induced di abetes. Since skeletal muscles use BCAA as energy sources during exercise (5, 7), an exercise-induced in crease in BCAA oxidation might be responsible for the amelioration of BCAA catabolism. Further study is re quired to elucidate the detailed mechanisms responsible for this training effect.
